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DNA adsorption on electrode surfaces is of fundamental interest for the development of DNA-based biosensors. The free adsorption of 10-mer
synthetic oligodeoxynucleotides (ODNs) onto highly oriented pyrolytic graphite (HOPG) surfaces was studied using Magnetic AC mode atomic
force microscopy (MAC Mode AFM). The mechanism of interaction of nucleic acids with carbon electrode surfaces was elucidated, using 10-mer
synthetic homo- and hetero-ODNs sequences of known base sequences, because they allow clear interpretation of the experimental data. AFM
images in air revealed different adsorption patterns and degree of HOPG surface coverage for the ODNs, and correlation with the individual
structure and base sequence of each ODN molecule will be presented. The results demonstrated that the hydrophobic interactions with the HOPG
hydrophobic surface explain the main adsorption mechanism, although other effects such as electrostatic and Van der Waals interactions may
contribute to the free adsorption process. The ODNs interacted differently with the HOPG surface, according to the ODN sequence hydrophobic
characteristics, being directly depending on the molecular mass, the hydrophobic character of the individual bases and on the secondary structure
of the molecule. The importance of the type of base existent at the ODN chain extremities on the adsorption process was investigated and different
adsorption patterns were obtained with ODN sequences composed by the same group of bases aligned in a different order.
© 2006 Elsevier B.V. All rights reserved.Keywords: AFM; Oligodeoxynucleotides; ODN; Adsorption; DNA-biosensor; Hydrophobic interactions1. Introduction
Deoxyribonucleic acid (DNA) is a very important biomol-
ecule that plays a crucial role in all living organisms, being
responsible for storage, duplication, and genetic information
[1]. Due to its important chemical and biophysical character-
istics, that establish a high specificity of recognition and binding
to other molecules, recently nanotechnology and biosensor
technology were examining the DNA molecules for construc-
tion of DNA-based biosensor devices [2–6]. In particular, DNA
electrochemical biosensors have received a special attention due
to numerous successful applications in medicine, environmental
and food control [4–9].
A DNA-electrochemical biosensor consists of an electro-
chemical transducer (the electrode) with an immobilized nucleic⁎ Corresponding author. Tel./fax: +351 239 835295.
E-mail address: brett@ci.uc.pt (A.M. Oliveira Brett).
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doi:10.1016/j.bpc.2005.12.017acid film on its surface (the probe). Depending on the required
application, the control of DNA adsorption is an essential step
for the design and construction of efficient DNA-based
electrochemical biosensors. Many factors can influence the
efficiency of DNA immobilization on the electrode and on the
nature of DNA–surface interactions: the electrode character-
istics and electrode pre-treatment conditions, the DNA
adsorption procedure, the pH and ionic strength of the DNA
solution, the sequence, length and concentration of the DNA
molecules. Many of the biophysical properties of DNA and its
flexibility are influenced by these factors. Therefore it is
important to have a good understanding of all key factors that
influence the immobilization of the nucleic acid probe onto the
transducer surface.
In recent years, atomic force microscopy (AFM) has proved
to be a powerful technique to investigate the interfacial and
conformational proprieties of biological samples [10–12]. AFM
can visualize individual DNA molecules and DNA–protein
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extraordinary resolution and accuracy.
Special attention must be paid to investigate DNA molecules
immobilized on the conducting surfaces of electrochemical
transducers. Magnetic AC mode AFM (MAC Mode AFM)
permits investigation of DNA molecules weakly bound to the
electrodes. MACMode AFM was used to study long chain calf-
thymus double-stranded DNA (dsDNA) and single-stranded
DNA (ssDNA) molecules immobilized onto highly oriented
pyrolytic graphite (HOPG) electrode surfaces [13–16]. Both
ssDNA and dsDNA molecules spontaneously self-assembled
forming two-dimensional lattices with uniform coverage of the
HOPG surface. The DNA network patterns formed during
adsorption of long chain DNA molecules are very important for
DNA-electrochemical biosensors for detection of DNA–drug
interactions, since nucleic acid lattices define nanoelectrode
systems with different active surface areas on the graphite
substrate.
The nature of the DNA interactions with carbon electrode
surfaces, as well as the topographical conformations that short
length DNA molecules can adopt are still not clearly
understood. However the specific mechanism of interaction of
nucleic acid molecules with the electrode surface is difficult to
establish using long chain molecules. Short chain 10-mer
oligodeoxynucleotides (ODNs) molecules, with various specif-
ic sequences, represent particularly attractive models to study
nucleic acid adsorption because they allow a clear interpretation
of the experimental data.
Immobilization of short single-stranded ODNs at the
electrode surface is also essential for the development of
DNA-biosensors for hybridization detection. The hybridization
strategy at a DNA-electrochemical biosensor consists of twoN
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Fig. 1. Chemical structure of DNA bases.steps: immobilization of the ODN sequence (the probe) on the
electrode surface and hybridization with the complementary
strand (target) present in solution. In this context, the electrode
surface coverage, orientation and packing of the adsorbed ODN
probe layer has to be determined. Imaging small adsorbed
ODNs can provide valuable information about the morphology
adopted by these molecules at the electrode surface.
Therefore, a systematic MAC Mode AFM study at room
temperature of the adsorption and conformational changes of
different ODN molecules onto HOPG surface was carried out,
in order to elucidate the mechanism of binding of short
sequence DNA molecules at carbon electrode surfaces.
The ODN chain is formed by monomeric nucleotide units,
each one being composed of three types of chemical
components, a phosphate group, a deoxyribose and four
different nitrogen bases: adenine (A) and guanine (G), the
purine bases, cytosine (C) and thymine (T), the pyrimidine
bases, Fig. 1. In this study homo-ODNs, composed only of one
type of base in the sequence, and hetero-ODNs, formed by a
mixture of different bases, were both used.
The results revealed an interesting correlation between the
degree of surface coverage and the base sequence of the ODN
molecules, which will help in elucidating the mechanism of the
interaction of nucleic acids with carbon electrode surfaces.
2. Experimental section
2.1. Materials
The ODNs used were synthesized on an Applied Biosystems
380B automated DNA synthesizer (USA), using reagents for
ODN chemistry purchased from Fluka (Germany). The purity
of the ODN sequences was verified by NMR and HPLC
analysis. The base sequences were:5′-AAAAAAAAAA-3′A10
5′-GGGGGGGGGG-3′
5′-CCCCCCCCCC-3′
5′-TTTTTTTTTT-3′
5′-AAAAGGAGAG-3′
5′-AAAGAAAAAG-3′
5′-CTTTTTCTTT-3′
5′-CTCTCCTTTT-3′G10
C10
T10
A6G4
A8G2
T8C2
T6C4
MIX 1
MIX 25′-GTAGATCACT-3′
5′-AGTGATCTAC-3′
To simplify the interpretation of the AFM data, the
abbreviations related for the base sequence of each ODN
molecule will be used in the article. It is also worth noting that
sequences A10 is complementary to the sequence T10, G10 to
C10, A6G4 to T6C4, A8G2 to T8C2, and MIX 1 to MIX 2.
Microvolumes were measured using EP-10 and EP-100 Plus
Motorized Microliter Pipettes (Rainin Instruments Co. Inc.,
Woburn, USA). The pH measurements were carried out with a
GLP 21 Crison pH meter.
The electrolyte used was pH 4.5 0.1 M acetate buffer
solution and was prepared using analytical grade reagents and
purified water from a Millipore Milli-Q system (con-
ductivityb0.1 μS cm−1). Solutions of different concentrations
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acetate buffer.
HOPG, grade ZYB, of rectangular shape with 15×15×2 mm
dimensions, from Advanced Ceramics Co., UK/Germany, was
used throughout this study as a substrate. The HOPG was
freshly cleaved with adhesive tape prior to each experiment and
was imaged by AFM in order to establish its cleanliness.
2.2. Sample preparation
The ODN samples were prepared by free adsorption. 100 μL
samples of 0.3 μM ODN solutions were deposited onto freshly
cleaved HOPG surfaces and incubated for 3 min. The excess of
ODN was gently cleaned with a jet of Millipore Milli-Q water,
and the HOPG with adsorbed ODN was then dried with
nitrogen.
2.3. Atomic force microscopy
AFM was performed with a PicoSPM controlled by a MAC
Mode module and interfaced with a PicoScan controller from
Molecular Imaging Corp., Tempe, AZ. All the AFM experi-
ments were performed with a CS AFM S scanner with the scan
range 6 μm in x–y and 2 μm in z (Molecular Imaging Corp.).
Silicon type II MAClevers of 225 μm length, tip radius of
curvature less than 10 nm, 2.8 N m−1 spring constant, and 60–
90 kHz resonant frequencies in air (Molecular Imaging Corp.)
were used in MAC Mode AFM. All images (256 samples
line−1 ×256 lines) were taken at room temperature, with scan0
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0
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Fig. 2. (A, C) MACMode AFM topographical images in air of ODN molecules, imm
(C) G10, in pH 4.5 0.1 M acetate buffer. (B, D) Cross-section profiles through whitrates of 1.0–2.5 lines s−1. The images were processed by
flattening in order to remove the background slope, and the
contrast and brightness were adjusted. All images were
visualized in three dimensions using the Scanning Probe
Image Processor, SPIP, version 3.3, Image Metrology ApS,
Denmark.
2.4. Statistics
Section analysis over ODN molecules and films was
performed with PicoScan software version 5.3.1, Molecular
Imaging Co and with Origin version 6.0 from Microcal
Software, Inc., USA. The mean values of the heights were
calculated using 50 measurements over different scanned
images. Origin version 6.0 from Microcal Software, Inc.,
USA, was used to calculate standard deviation and all the
experimental height/thickness distribution graphs.
3. Results and discussion
The ODN base composition strongly influences the observed
morphology of ODN adsorption onto an HOPG surface. From
the AFM experimental results a relationship between the degree
of surface coverage and the individual structure of each
molecule was determined and the mechanism of interaction of
the ODN molecules with the surface will be discussed.
Several DNA immobilization methods have been described
in the literature, but DNA spontaneous adsorption is the
simplest, since it does not require any modification of the100 200 300 400 500 nm
100 200 300 400 500nm
obilized onto HOPG by free adsorption during 3 min, from 0.3 μM (A) A10 and
e lines in images (A) and (C).
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was modified by free adsorption with thin films of the 10-mer
synthetic ODNs and, in all the experiments, solutions of 0.3 μM
ODNs in 0.1 M acetate buffer pH 4.5 were used, as described in
the Experimental section. A pH of 4.5 was chosen, since it has
been used in many electrochemical applications with DNA-
electrochemical biosensors [6].
However, free adsorption was performed for different
deposition times (30 s, 3 min, 10 min and, respectively, 25 min)
and different ODN concentrations (0.1, 0.3 and 0.8 μM). The time
of 3 min and 0.3 μM solution concentration were chosen in order
to obtain an incomplete coverage of the surface for most of the
ODN sequences. This adsorption procedure allowed a valid
comparison between the adsorption pattern of differentmolecules,
while for higher adsorption times and ODN concentrations the
adsorption reaches the saturation and the AFM images showed
dry uniform films covering the electrode completely, with
insignificant differences between the different ODN sequences.
3.1. Adsorption of homo-ODNs onto HOPG
The inherent capacity of different ODN base sequences to
adsorb specifically on the HOPG surface is difficult to explain
using ODNs of mixed base sequences. Homo-ODNs, containing
residues of identical nucleotides, enable comparison of the
morphological properties of each individual base. Therefore the0
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Fig. 3. (A, C) MACMode AFM topographical images in air of ODN molecules, imm
(C) T10, in pH 4.5 0.1 M acetate buffer. (B, D) Histograms of the ODN film thickne
and (C).adsorption of A10, G10, C10 and T10, all four 10-mer homo-
ODNs, by MAC Mode AFM in air, was investigated.
Topographical images in air of the HOPG electrode modified
by a thin film of A10 molecules showed that the molecules
adsorb spontaneously onto HOPG and form an incomplete
network on the surface, Fig. 2A. The net was composed of small
molecules adsorbed side by side on the surface, which formed
close-packed “polymer like” chains. The film had many pores,
the dark regions in the images, with exposed HOPG surface at
the bottom of the pores. Themeasured thickness of the A10 layer
was calculated from cross section analysis as being 1.0±0.3 nm,
Fig. 2B.
In the AFM images the G10 molecules looked like small
globular aggregates, well dispersed on the HOPG, Fig. 2C. The
degree of surface coverage was much smaller than in the case of
A10 molecules. The average height and standard deviation of
the spherical aggregates was 1.1±0.3 nm, Fig. 2D, higher than
the values obtained for the A10 network.
Similar results have been obtained with C10 molecules, the
degree of HOPG coverage being even less, Fig. 3A. The
average height of the spherical C10 molecules measured was
0.9±0.3 nm, Fig. 3B.
Images of adsorption onto HOPG from T10 solution showed
a non-compact thin network, Fig. 3C. The small molecules of
T10 adsorb onto the HOPG surface next to each other, forming
looped filaments with large portions of uncovered HOPG.0 0.5 1.0 1.5 2.0
height (nm)
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
height (nm)
obilized onto HOPG by free adsorption during 3 min, from 0.3 μM (A) C10 and
ss generated with the values measured by section analyses inside the images (A)
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compared with the A10 molecules, Fig. 2A, demonstrating a
smaller interaction with the HOPG. The measured thickness
of the T10 film was very irregular, with heights between 0.8
and 4.5 nm, as observed on the height distribution graph from
Fig. 3D.
The 10-mer ODN molecules attached to the HOPG surface
are very small. Assuming that highly dehydrated single-
stranded DNA adopts the A-form after drying on the
substrate, we estimate the average dimensions of a standard
ODN molecule to be approximately 2.6 nm helix diameter
and approximately 0.28 nm average axial rise per base, which
for a standard 10-mer ODN molecule gives an average length
of 2.8 nm.
The geometric parameters of the AFM tip represent a
limiting factor in the high resolution approach to investigation
of biological materials. For such small molecules, the width of
ODN molecules measured from the AFM images is usually
much larger than the real ODN helix diameter or length, due to
the convolution effect of the tip radius.
Rough estimates for the AFM measured width of adsorbed
molecules can be obtained using a simplified model of parabolic
or spherical tip in contact with a small, well-defined,
incompressible, spherical molecule. In the case of an AFM tip
with spherical geometry, the apparent width, l, of a molecule
with molecular radius r depends on the AFM tip radius R
according to the formula l ¼ ffiffiffiffiffiRrp [17], while for an AFM tip
with a parabolic geometry and RN r, the apparent width is l ¼
4ðRþ rÞ ffiffiffiffiffiffiffiffiffiffiffiffiffiffirðR−rÞp
R
[18]. Assuming a single-stranded 10-mer ODN
molecule is a sphere, for a tip radius of approximately 10 nm we
expect an apparent width of the ODN molecule of 21.2 nm for a
spherical and 23.0 nm for a parabolic AFM tip geometry.
Consequently, a single ODN molecule will appear in the AFM
images as a spherical aggregate, with overestimated helix
diameter and apparent length, due to the convolution effect of
the AFM tip radius of curvature.
Indeed, the small 10-mer G10 and C10 molecules appear in
the AFM images as small globular aggregates with a measured
full width at half-maximum height (fwhm) of approximately
10–30 nm. Nevertheless, since the tip is responsible for such a
big contribution to the measured width, it is not possible to
distinguish between one and two molecules that condensate
together.
On the other hand, during the sample scan, the AFM tip
geometry has a dynamic behavior due to the adsorption of
sample onto the tip and breakage of small parts of the tip,
incidents that can lead the increase of the tip radius of curvature.
Additionally, the ODNs are soft and easily deformed, which
results in an increased fwhm of adsorbed ODN observed in the
images.
Comparing with the fwhm measurements, the height give a
better representation of the ODN diameter, since it is not limited
by the tip radius of curvature. In AFM studies in air, the reported
heights for DNA attached to a solid substrate vary from 0.5 to
1.9 nm [12]. The difference between the true DNA height and
the measured one is due to elastic deformations to DNA caused
by the AFM tip.Consequently we can conclude that the heights of approx-
imately 0.8–1.1 nm of the A10 and T10 networks and G10, C10
aggregates correspond to a monolayer of molecules. The large
measured height of the T10 layer is due to superposition and the
formation of several layers onto HOPG.
3.2. Adsorption of hetero-ODNs onto HOPG
The investigation of 10-mer ODNs with mixed base
sequences proved to be a more complex situation.
The adsorption process onto HOPG of ODNs containing
only purinic bases was investigated using A8G2 and A6G4
molecules.
The AFM image of A6G4 sequences freely adsorbed onto
HOPG demonstrated that the molecules self-organize in a very
tight and well spread two-dimensional network, presenting only
a few visible pores, Fig. 4A and B, and an almost complete
HOPG surface coverage, Fig. 4C. The measured thickness of
the lattice also had a large spectrum of values, with heights
between 0.4 and 4.0 nm, Fig. 4D.
Adsorption onto HOPG from A8G2 solution showed the
molecules also forming a compact network, Fig. 5A and B. The
A8G2 presented a slightly decreased HOPG coverage than
A6G4 molecules. The layer shows many holes of 1.4±0.3 nm in
depth, Fig. 5C, leading to exposed HOPG surface at the bottom
of the holes. The height distribution graph showed more regular
values, Fig. 5C, compared with the results previously obtained
with A6G4 molecules.
The effect of adsorption onto HOPG of ODNs containing
only pyrimidinic bases was assessed using T8C2 and T6C4
molecules, and the surface characteristics were analyzed.
The T8C2 sequence has a predominance of thymines and a
cytosine at one extremity of the strand. The adsorption pattern of
T8C2 molecules, Fig. 6A–C, was similar to that of T10 homo-
ODNs, Fig. 3C. The measured thickness of the aggregated fibers
forming the network was irregular, with heights between 0.7 and
3.0 nm, Fig. 6D, due to the initiation of multilayer formation.
Sporadically globular aggregates of height up to 5 nm could be
measured. The T8G2 and A8G2 molecules are complementary
base sequences. As observed in the AFM images, the T8C2
sequences presented a smaller degree of surface coverage, Fig.
6, when compared with the degree of HOPG surface coverage
of A8G2 sequences, Fig. 5.
When the number of cytosines in the chain was increased,
T6C4, the adsorption was radically different. The MAC Mode
AFM images showed only a few globular aggregates stacked on
the surface, Fig. 7A, with heterogeneous heights between 0.9
and 3.0 nm, Fig 7B. The adsorption of T6C4 molecules
presented a completely different adsorption pattern on the
HOPG surface, than its complementary sequence A6G4, Fig.
4, with a higher degree of surface coverage.
Finally, the adsorption of two ODN sequences containing the
samemixture of all DNA bases in a different order was analyzed.
The two ODN mixed sequences presented a complementary
structure.
The MIX 1 molecules assembled forming an almost
complete coverage of the HOPG surface, Fig. 8A. The
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Fig. 5. (A, B) MACMode AFM topographical images in air of A8G2 molecules, immobilized onto HOPG by free adsorption during 3 min, from 0.3 μMA8G2, in pH
4.5 0.1 M acetate buffer. (C) Histogram of the A8G2 film thickness generated with the values measured by section analyses inside the images. (D) Cross-section profile
through white line in image (B).
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Fig. 4. (A, B) MACMode AFM topographical images in air of A6G4 molecules, immobilized onto HOPG by free adsorption during 3 min, from 0.3 μMA6G4, in pH
4.5 0.1 M acetate buffer. (C) Three-dimensional representation of image (B). (D) Histogram of the A6G4 film thickness generated with the values measured by section
analyses inside the images.
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Fig. 6. (A, B) MACMode AFM topographical images in air of T8C2 molecules, immobilized onto HOPG by free adsorption during 3 min, from 0.3 μM T8C2, in pH
4.5 0.1 M acetate buffer. (C) Three-dimensional representation of image (A). (D) Cross-section profile through white line in image (B).
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in extensive thin lattices of 1.3±0.2 nm thickness, covering
large areas of the substrate, Fig. 8B. A less densely packed
network was imaged onto HOPG using MIX 2 solutions, Fig.
8C, with the height of 1.3±0.4 nm, Fig. 8D. A few very high
aggregates up to 5.0 nm were also measured.
3.3. Interpretation of homo- and hetero-ODNs adsorption
processes
The surface of HOPG presents hydrophobic characteristics
and the different adsorption morphologies obtained onto HOPG1
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Fig. 7. (A) MACMode AFM topographical image in air of T6C4 molecules, immobi
0.1 M acetate buffer. (B) Histogram of the T6C4 molecules heights generated withfor the ODNs studied will be explained on the basis of the
hydrophobicity of the ODN sequences.
The hydrophobicity of 10-mer ODN molecules results
from the contribution of each constituent nucleotide. The
hydrophobicity of each nucleotide is determined by the
hydrophobicity of the aromatic base, Fig. 1, being propor-
tional to its hydrophobic contact surface area. The bases,
guanine, adenine, cytosine and thymine, due to their aromatic
rings, adsorb onto HOPG and interaction of the π-electron
system of the heteroaromatic rings of the bases with the
HOPG hydrophobic surface is involved in the adsorption
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Fig. 8. (A, C) MAC Mode AFM topographical images in air of ODNs molecules, immobilized onto HOPG by free adsorption during 3 min, from 0.3 μM (A) MIX 1
and (C) MIX 2, in pH 4.5 0.1 M acetate buffer. (B, D) Cross-section profiles through white line in images (A) and (C).
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is higher than the hydrophobicity of adenine, which is higher
than that of thymine, in turn higher than the hydrophobicity of
cytosine: GNANTNC [1].
The ODN molecular mass and the presence of secondary
structures in the ODNs also influence the hydrophobic character
of the molecules and consequently the adsorption onto HOPG.
Tables 1 and 2 summarize the morphological characteristics
of the ODN sequences, in decreasing order of HOPG surface
coverage during adsorption, obtained by AFM, Table 1 for the
homo-ODNs and Table 2 for the hetero-ODNs.
The adsorption of homo-ODNs containing only adenines,
guanines, thymines and cytosines, Table 1, will be compared.
The degree of HOPG surface coverage by A10, T10 and C10
sequences followed the decrease of the ODN molecular mass
and the hydrophobicity of the constituent bases ANTNC.
The decrease in HOPG surface coverage with hetero-ODNs,
Table 2, also follows the decrease of the hydrophobic characterTable 1
Characteristics of the homo-ODNs used in AFM experiments, presented in
decreasing order of HOPG surface coverage during adsorption
ODN Sequence
(5′→3′)
M
(g mol–1)
Secondary
structure
A10
T10
G10
C10
A
T
G
C
3137.5
3047.4
3297.5
2897.4
Single+double
stranded
Single-stranded
G-quartets
Double-stranded
HOPG
surface
coverage
A
T
G
C
A
T
G
C
A
T
G
C
A
T
G
C
A
T
G
C
A
T
G
C
A
T
G
C
A
T
G
C
A
T
G
Cof constituent bases and ODN molecular mass. The hetero-
ODNs containing purine bases (adenine and guanine) in the
chain generally presented a stronger adsorption onto HOPG
when compared with the hetero-ODNs containing pyrimidine
bases (thymine and cytosine). The different adsorption
isotherms of the purine and pyrimidine bases at the graphite–
water interface have been previously described in the literature
[19], and the adsorption behaviour followed the hydrophobicity
series of the bases: GNANTNC, resulting from the existence of
two aromatic rings in the case of the purines.
Therefore, the hydrophobicity of the bases which enter in the
composition of the ODNs plays a very important role in the
adsorption onto HOPG surfaces.
Considering MIX 1 and MIX 2 sequences that contain the
same number of each base in the molecular chain, organized in a
different order, interesting results were obtained. As observed in
the AFM images, MIX 1 molecules, that contain guanine andTable 2
Characteristics of the hetero-ODNs used in AFM experiments, presented in
decreasing order of HOPG surface coverage during adsorption
A6G4
A8G2
MIX 1
MIX 2
T8C2
T6C4 
A
A
G
A
C
C
3201.5
3169.5
3094.4
3094.4
3017.4
2987.4
Single-stranded
Single-stranded
Single-stranded
Single-stranded
Single-stranded
Double-stranded
ODN Sequence
(5′→3′)
M
(g mol–1)
Secondary
structure
HOPG
surface
coverage
A 
A 
T 
G 
T 
T
A 
A 
A 
T 
T 
C
A 
G 
G 
G 
T 
T
G 
A 
A 
A 
T 
C
G 
A 
T 
T 
T 
C
A 
A 
C 
C 
C 
T
G 
A 
A 
T 
T 
T
A 
A 
C 
A 
T 
T
G 
G 
T 
C 
T 
T
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increased adsorption on the HOPG surface, Fig. 8A, when
compared with MIX 2, that have adenine and cytosine at the
ends, Fig. 8C. Consequently, it can be concluded that the bases
existent at the strand extremities play the most important role in
the adsorption process, due to an increased interaction and
surface contact area with the HOPG surface.
However, the variations observed in the images cannot be
interpreted only in terms of the hydrophobicity of the
constituent bases.
The MACMode AFM images of the homo-ODNs reveal that
the G10 molecules with high molecular mass and purine
composition adsorb less, Fig. 2C, compared with T10 molecules
with lower molecular mass and pyrimidine composition, Fig.
3C. Also for the adsorption of G10 molecules, Fig. 2C, should
be expected a higher surface coverage compared to the A10
molecules, Fig. 2A, due to the higher hydrophobic character of
guanine bases. The hydrophobicities of T10 and C10 are very
similar because the differences in molecular structure are very
small, which therefore cannot explain such a big difference
between the surface coverage of HOPG by T10 and C10
adsorbed molecules, Fig. 3.
The hetero-ODNs T8C2 and T6C4 also presented a very
different adsorption pattern, Figs. 6 and 7, which cannot be
explained only by the substitution of two thymines by two
cytosines in the chain.
Another important factor that can influence the hydropho-
bicity of the ODN sequences and consequently the hydrophobic
interaction with HOPG is the ODN secondary structure. The
particularities observed in the homo- and hetero-ODNs
adsorption behavior can be explained by the existence of
different ODN secondary structures.
In DNA, the double-helical structure is stabilized by
hydrogen bonds between the complementary bases adenine
and thymine and between guanine and cytosine. However, the
base–base recognition through hydrogen bonding is not
restricted to interaction between complementary bases, and in
special conditions, equal bases can also associate. DNA bases
are uncharged at neutral pH. Following a change of pH, the
bases can interact with another equal base, explaining the ability
of the single-stranded homo-and hetero-ODN molecules to
interact with each other and to form ordered and complex
structures.
Depending on the pH, in aqueous solutions, the A10
molecules exist in single- or double-helical form [1]. In
neutral or alkaline solutions the single-helical species prevail,
while at pH below 4 the adenines become protonated at the
N1 group and the molecules aggregate to form double-helical
structures with protonated base-pairs: AH+–AH+. At the pH
4.5 used in this study many adenine bases are protonated,
and probably numerous molecules are preferentially orga-
nized, forming double-helical configurations. Several ODN
molecules may exhibit rather complicated configurations,
consisting of elements of both single and double-helical
morphology.
In the case of G10 sequences, guanines have the ability to
stack upon each other to form four-stranded structures with aguanine tetrad core. X-ray diffraction studies at neutral pH
establish that poly(G) homopolymers and their oligonucleotides
form four-stranded nucleic acid structures with stacked guanine
tetrads [1,20]. The guanine base has two pK values,
corresponding to proton addition to N7 below pH 2.1 and to
proton loss from N1 above pH 9.2. Therefore guanine is neutral
within a broad pH range, between pH 2.1 and 9.2, including pH
value of 4.5 used in the AFM study, which favors the
stabilization of four-stranded structures. Thus, it can be
considered that at pH 4.5 many G10 molecules form G-quartets
morphology in solution.
In aqueous solutions, at pH 4.5, the pK of cytidine, the
mononucleotides C10 form a double helix with parallel chains
and hemiprotonated base-pairs CH+–C [1].
The pyrimidinic T6C4 sequences have a high number of
(CT) repeats, which can influence the secondary structure of
the molecule. NMR studies of ODNs containing alternating
(CT) pyrimidine base sequences demonstrated that their
conformations are strongly pH dependent [21,22] and
depending on the pH, at least three major conformational
species appear. At a neutral, pH of 7, the molecules adopt an
antiparallel-stranded duplex with only C–T base pairing and
under highly acidic conditions, pH 3, adopt an antiparallel-
stranded duplex composed only of CH+-T base pairs. At
intermediate pH values, such as pH 4.5 as used here, multiple
conformational species coexist, with antiparallel-stranded
duplexes of C–T and CH+–T base pairs, and also, possibly
parallel-stranded duplexes with CH+–C base pairs. Conse-
quently, the T6C4 molecules are expected to form complex
and compact molecular structures, with the pyrimidine bases
packed inside the double helix.
In any case, the adsorption of small 10-mer ODNs seems to
be strongly influenced by modifications to the ODN secondary
structure that determines the exposure of the hydrophobic bases
and reduces the exposed hydrophobic surface area of the
molecules.
As observed in Table 1, for the same solution concentration,
the homo-ODNs A10 and T10 containing single-stranded
species interact and adsorb strongly onto the HOPG surface,
when compared with double-helical C10 and quadruple G10
ODNs. The A10 and G10 sequences still adsorb onto HOPG,
due to the superior hydrophobicity of the purinic bases at the
chain extremities, while the adsorption of pyrimidinic C10
sequences was almost completed inhibited.
In the case of hetero-ODNs, Table 2, all single-stranded
sequences presented an increased adsorption onto HOPG
compared to the T6C4 double-strands.
The interaction of single-stranded ODNs with the HOPG
substrate is facilitated, because the single-stranded molecules
have the bases exposed to the solution and are free to undergo
hydrophobic interactions with the hydrophobic HOPG
surface.
In all AFM experiments it was observed that the single-
stranded molecular films had larger heights than the double-
stranded ODNs, which suggests that the single-stranded ODNs
tend to fold back on themselves and interact more easily with
each other.
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formed at pH 4.5 are hydrophilic and the negatively charged
phosphate groups are on the exterior of the molecules. The
increased number of polar phosphate groups adds a negative
contribution to the net hydrophobicity of the molecules,
decreasing the hydrophobic interaction with the surface. Since
the bases from the interior of the molecules are protected by the
sugar-phosphate backbones, the double or quadruple ODNs
adsorb on the HOPG surface only through hydrophobic
interactions between the bases at the extremities of the ODN
chain and the HOPG.
On the other hand, due to the formation of complex
secondary structures, the number of ODNs in quadruple and
double-helical configurations is inferior to the number of ODNs
that remain single-stranded. Consequently the number of
quadruple and double-helical structures adsorbed on the
HOPG surface is reduced.
It can be concluded that the hydrophobic interactions of the
ODN molecules with the surface represent the main adsorption
mechanism, although other effects such as electrostatic and Van
der Waals interactions may contribute as well to the adsorption
process.
The AFM results clarify the adsorption mechanism of ODN
molecules and have strong implications in the development of
DNA-electrochemical biosensors. The hybridization approach
at a DNA-electrochemical biosensor consists in the immobili-
zation of the ODN probe sequence on the electrode surface and
the hybridization of the probe with the complementary ODN
target, present in the solution.
The ODNs used in this study correspond to pairs of
complementary sequences: A10 with T10, G10 with C10,
A6G4 with T6C4, A8G2 with T8C2 and MIX 1 with MIX 2.
However, as observed in the AFM images, each of these
complementaryODNstructures alwayspresentedaverydifferent
adsorption morphology and coverage onto the HOPG surface.
This aspect must be carefully considered when choosing one
sequence as a probe to be immobilized on the electrode surface
and the other as a target for hybridization.
The electrode surface coverage, orientation and packing of the
adsorbed ODN probe layer are very important. Ideally, the probe
ODNs must be connected with the electrode surface at one point
only, oriented with the sequences perpendicular to the electrode
surface in such a way that the target sequence will have a total
access to the immobilized probe, the molecules of which are
sufficiently separated one from another to be able to enable
hybridization. Besides this, theymust present a uniformcoverage
of the surface in order to minimize non-specific adsorption of
target molecules on the uncovered areas of the electrode.
Additionally, the target ODNs should be chosen so as to have a
reduced adsorption on the carbon electrode surface, in order to
minimize non-specific adsorption. Consequently, the sequences
dynamic secondary structure always has to be considered.
4. Conclusions
In order to understand the mechanism of interaction of
nucleic acids with the HOPG surface, the adsorption process ofsynthetic homo- and hetero-ODN molecules was studied at
room temperature in air, using MAC Mode AFM. Several
factors affecting the degree of HOPG surface coverage were
analyzed.
The 10-mer ODN molecules adsorbed spontaneously on the
HOPG surface, through hydrophobic interactions with the
hydrophobic surface and the adsorption is strongly influenced
by the base type in the ODN sequence. The importance of the
type of base at the sequence extremities on the adsorption
process was evaluated. The differences in HOPG surface
coverage obtained with ODN molecules with mixed base
composition and the same number of each base, in different
orders, demonstrated that the type of base at the molecule
extremities plays the most important role in the adsorption
process.
The molecular mass and the presence of secondary structures
in the ODNs influence the hydrophobic character of the
molecules and consequently the adsorption onto HOPG.
Single-stranded ODN molecules interacted and adsorbed
strongly onto HOPG, since the bases are more exposed and
free to undergo hydrophobic interactions with the HOPG
surface. The formation of double-helical or more complex
structures reduced the interaction of the ODNmolecules with the
surface, because the molecules had the bases protected in the
interior of the secondary structure.
The AFM results clearly show the importance of character-
izing and understanding the adsorption process of small ODNs
on carbon electrode surface, and evaluation of all the factors
influencing the correct manufacture of DNA electrochemical
biosensors for hybridization detection.
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